The influence of different superplasticizers on the hydration and textural characteristics of hardened pozzolanic cement pastes was evaluated. Thus, the BET surface areas and pore structures of hardened cement pastes containing different amounts of silica fume and/or various superplasticizers were determined via nitrogen adsorption isotherms measured at -196ºC. Three types of superplasticizers were used in this study, viz. naphthalene formaldehyde sulphonate (NFS), sodium gluconate (SG) and their mixtures (NFS + SG). The various phase compositions and microstructures were assessed by X-ray diffraction (XRD) and scanning electron microscope (SEM) studies. The results revealed that the specific surface area (S BET ) of the hardened cement pastes decreased as the amount of silica fume increased and also on addition of superplasticizer. The decrease in surface area was more pronounced in the presence of 30 wt% silica fume as well as with superplasticizers. Thus, the maximum decrease in the S BET value due to the addition of 4% NFS superplasticizer attained values in the range 46-68%. In addition, increasing the curing time from 3 d up to 180 d decreased the surface area of the pure and superplasticized cement pastes. The decrease in S BET for the various cement pastes could be attributed to the pozzolanic activity of the silica fume with a subsequent increase in the amount of hydration products within the pore system.
INTRODUCTION
High-performance concrete is a novel construction material that exhibits higher workability, greater mechanical properties and better durability than conventional concrete. Such concrete has been used in the construction of buildings, bridges and offshore structures (Aitcin and Mao 1992) . Superplasticizers provide one of the successful additives in the preparation of high-performance concrete involving partial replacement of cement with silica fume. Polycarboxylic acids and sulphonated naphthalene formaldehyde condensate are examples of such superplasticizers (El-Didamony et al. 1995 , 1998 Toutanji and El-Korchi 1995; Shayan et al. 1993 Shayan et al. , 1994 Yu et al. 1993) .
The use of silica fume as a concrete admixture has a significant effect on the properties of concretes. Silica fume is a very fine amorphous material produced from electric arc furnaces as a by-product of the preparation of metallic silicon or iron-silicon alloys and consists mainly of amorphous silica (85-96 wt%) with a specific surface area of 20-25 m 2 /g (Mehta 1982 ). As a powder, silica fume exists in the form of spherical particles with a mean size in the range 0.1-0.2 mm, i.e. ca. 100-times smaller than Portland cement particles (Malhotra et al. 1987) . The high pozzolanicity of silica fume effectively reduces both the leaching of lime and the amounts of both gypsum and ettringite formed by sulphate attack on cements, thereby increasing the durability of the material. The high surface area and pozzolanicity of silica fume in concretes is responsible for the high water/cement ratio necessary to achieve adequate consistency.
To obtain the full benefits of partial substitution by silica fume, superplasticizers are recommended to improve the workability and thereby achieve better technological and mechanical properties for concrete. It has been reported that the use of superplasticizers in conjunction with silica fume can reduce water consumption (i.e. produce a low water/cement ratio) due to the improved dispersion of the silica fume particles (Rixon and Mailvaganan 1986; Malhotra 1997) .
The internal surface and the porosity of cements were first measured by Powers and Brownyard (1946a,b, 1947a-c) using water vapour adsorption methods. Both water vapour and nitrogen have been employed in surface area determinations. Mikhail and Abo-El-Enein (1972) and Skalny and Odler (1973) have compared the results of pore structure measurements using nitrogen and water vapours on a variety of calcium silicate hydrates prepared under various conditions. The surface areas of cement pastes obtained from water adsorption are usually larger than those from nitrogen adsorption studies. This may arise either because the pores are too small to allow the entry of nitrogen molecules or because of the existence of an 'ink bottle' pore effect. Feldman and Sereda (1970) believed that water must, at least in part, be chemically adsorbed and that the results of nitrogen adsorption reflected the true surface area.
The pore structure of a cement paste may be classified into two types: (1) intrinsic pores in the cement gel resulting from hydration; and (2) capillary pores originating from the space initially filled with water. Discussions of the surface area and pore structure have centred on hydrated lime/ silica ash systems. Several authors (El-Hosiny and Gad 1995; El-Hosiny et al. 1996) studied the effect of the addition of some superplasticizers on the hydration and pore structure characteristics of hardened sand/cement (30 wt% fine sand) and slag/cement pastes. Superplasticizers strongly affected the specific surface areas as well as the total pore volumes of the hardened blended cement pastes. As an example, this effect led to a decrease in the total surface area and total pore volume of specimens containing Na-b-naphthol sulphonate formaldehyde condensate, a result which was mainly associated with the partial filling and/or fractionation of the pore system leading to the generation of a more dense structure in the hardened cement pastes.
The present work reports a study of the textural characterization of hardened pozzolanic cement pastes containing 10-30 wt% silica fume in the presence of various superplasticizers, with hydration being effected over a period extending up to 180 d.
EXPERIMENTAL

Materials
The Portland cement (OPC) employed was provided by the Helwan Portland Cement Co. while the condensed silica fume (SF) was obtained from Ferrosilicon Alloys (Edfo-Komombo), Aswan, Egypt. The chemical compositions of these materials are listed in Table 1 . The surface area of the Portland cement was ca. 3300 cm 2 /g whereas that of the silica fume was ca. 19 m 2 /g (Mehta 1982 ). Three types of superplasticizers were used in this study, viz. sodium gluconate (SG), a powerful concrete plasticizer and set retarder; naphthalene formaldehyde sulphonate (NFS), a high-range water reducer which does not exhibit a retarding effect towards mortar and concrete; and a mixture of the two (NFS + SG) as a plasticizer and set retarder for concrete and mortar. These superplasticizers were supplied by the Chemicals for Modern Buildings Co., Egypt. Silica fume pozzolanic cement pastes were prepared by mixing Portland cement with 10 wt% and 30 wt% silica fume, respectively. Each Portland cement/condensed silica fume mix was blended in a porcelain ball mill for 1 h using four balls to ensure complete homogeneity. The superplasticizers were added as aqueous pastes mixed to a standard level of water consistency according to ASTM Standards (1992). The pastes were then moulded into 1-in cubes and cured in a humidity chamber at 23 ± 1ºC for 24 h, then remoulded and cured under water for up to 180 d. After the predetermined curing time, the hydration of the pastes was stopped using a technique described elsewhere (El-Didamony et al. 1978) .
The cement paste blends made without admixtures and containing 10 wt% and 30 wt% silica fume are denoted below as A and B, respectively. On the other hand, the superplasticized cement pastes have been designated as A-I, B-I, A-II, B-II, A-III and B-III containing 1 wt% SG, 4 wt% NFS or 2 wt% NFS + SG as listed in Table 2 . These dosages were the optimum values of the three admixtures employed in our previous work (Heikal 1996; Heikal and El-Didamony 2000) .
Techniques
The surface properties, viz. specific surface area (S BET , m 2 /g), total pore volume (V p , ml/g) and mean hydraulic radii (r h , Å) of the various specimens were determined from nitrogen gas adsorption isotherms measured at -196.8ºC using a conventional volumetric apparatus. Before carrying out such measurements, each solid sample was outgassed under a reduced pressure of 10 -5 Torr at 50ºC for 3 h.
Scanning electron microscopy (SEM) examination was undertaken on specimens coated with a 300-400 Å layer of gold using a JEOL-JSM-25 high-resolution scanning electron microscope in order to determine the morphology of the hydration products.
The X-ray diffraction patterns of the hydration products were obtained using a Philips PW 1050170 diffractometer. The patterns were run with Ni-filtered Cu radiation (l = 1.5405 Å) at 40 kV and 20 mA at a scanning speed of 2º at 2q/min.
The hydration products were also identified using a DTA technique (DT-30 thermal analyzer, Shimatzu Co., Kyoto, Japan) using calcined alumina as the inert reference material. Thus, a 50-mg sample (-74 mm) was housed in a small platinum/rhodium crucible and heated at a heating rate of 10ºC/min. A flow of nitrogen gas at 30 ml/min was applied in all experiments. 
RESULTS AND DISCUSSION
Water/cement ratio
The use of superplasticizers reduces the water of mixing necessary for samples of the correct consistency as shown by the data listed in Table 2 . It will be seen that the water reduction ranged between 24.53-50.94% and 27.40-49.32% for samples containing 10 wt% and 30 wt% silica fume, respectively. The reduction in the water of mixing arises from the coating effect of the superplasticizer not only on the cement grains but also on the silica fume particles. This coating is due to the formation of a double layer on ordinary Portland cement and silica fume and influences both the start and the degree of the pozzolanic reaction (Durekovic and Popovic 1990) . The decrease in the water of mixing leads to a decrease in the total porosity and as a result the grains of silica fume react with the liberated lime to form additional amounts of calcium silicate hydrate (C-S-H). This leads to an enhancement in the compressive strength of the material. Durekovic and Popovic also showed that the addition of silica fume results in the generation of low-density, dispersed-hydrate products of low CaO:SiO 2 ratio and low Ca(OH) 2 content, leading to relatively homogeneous composites. This was mainly attributed to the increase in C-S-H content at high percentages of silica fume. The effect of superplasticizers on cement hydration arises from physical factors rather than chemical interaction. Thus, a better dispersion of individual cement grains leads to more efficient hydration, as well as improving the degree of compaction (Okafor 1991). Indeed, the use of superplasticizers improves the dispersion of both cement and silica fume particles (Sarkar and Aitcin 1987) . Silica fume gradually dissolves into the matrix gel and reacts with Ca(OH) 2 to form calcium silicate hydrate which is precipitated in the pores. This is strongly reflected by the decrease in the total porosity of very high strength concrete undergoing progressive hydration and leading to an enhancement in the compressive strength (Heikal and Didamony 2000).
X-Ray diffraction
X-Ray diffractograms of silica fume pozzolanic cement pastes cured for 3 d and 28 d were measured, the corresponding spectra being depicted in Figure 1 . Increasing the content of silica fume in the samples obviously led to a decrease in the intensity of the peaks associated with Ca(OH) 2 (CH) due to the pozzolanic activity of silica fume with CH. This is in a good agreement with the SEM results obtained in the present study. The addition of superplasticizers also decreased the intensity of the CH peaks due to some retardation of the admixture. Thus, after 28 d in the presence of superplasticizers, the peak areas corresponding to CH had disappeared totally. This result was confirmed by chemical analysis involving solvent extraction of Ca(OH) 2 (Heikal and Didamony 2000) which showed that the addition of 30 wt% silica fume in conjugation with superplasticizer (NFS) led to total removal of Ca(OH) 2 from the system after 7 d. This was attributed to total reaction of the CH liberated from the hydration of Portland cement with silica fume to form C-S-H. In fact, the free CH obtained arose from two factors: (i) leaching from the hydration of Portland cement and (ii) the pozzolanic reaction of silica fume. These led to the formation of additional C-S-H, a decrease in the total porosity and a corresponding increase in the compressive strength and bulk density.
Differential thermal analysis
As stated above, differential thermal analysis (DTA) was also used to identify the hydration products. Figures 2-4 illustrate the thermograms obtained for hydrated pozzolanic cement pastes containing 10 wt% and 30 wt% condensed silica fume after 3, 28 and 180 d of curing. The thermograms exhibit three endothermic peaks at 100-150ºC, 450-500ºC and 700-800ºC, respectively, and one exothermic peak at 900-950ºC. The endothermic peak at 100-150ºC arose from the dehydration of calcium silicate and sulphoaluminate hydrates. The second peak at 500ºC was due to the dehydroxylation of calcium hydroxide which leached during the hydration of Portland cement, while the peak at 700-800ºC was attributed to the loss of CO 2 from calcium carbonate. The final exothermic peak at 900-950ºC may be associated with the crystallization of monocalcium silicate formed by pozzolanic reaction of condensed silica fume with Ca(OH) 2 .
The main characteristic of the thermograms is the increase with curing time as well as with silica fume content of the area of the first peak at 100-150ºC and a decrease in the area under the second peak (at 450-500ºC). The increase in the peak area at 100-150ºC is due to the formation of more highly crystalline C-S-H hydrates, as confirmed by the continuous increase in the sharpness of the exotherm in the range of 900-950ºC (Ramachandran 1969) . The exotherm at 900-950ºC increased with silica fume content due to recrystallization of wollastonite formed from the reaction of silica fume with Ca(OH) 2 , while the peak corresponding to the decomposition of Ca(OH) 2 diminished with increasing hydration time as a result of the pozzolanic reaction. Increasing the amounts of silica fume in the system (to 30 wt%) led to an increase in the amount of C-S-H hydration products while the Ca(OH) 2 content diminished. The results of thermal analysis are also confirmed by the XRD patterns illustrated in Figure 1 . 
Microstructure
High-resolution SEM provided useful information on the morphology of the hydration products. Figures 5 and 6 depict the micrographs obtained for 10 wt% and 30 wt% silica fume pozzolanic cement pastes hydrated for 3 d and 28 d, respectively. During the early stage of hydration, the products obtained appeared as a nearly amorphous C-S-H layer covering the grains of the anhydrous cement components; hexagonal crystals of free CH also appeared in the structure. After 28 d hydration, more cement hydrates were deposited in the space between the partially hydrated grains to generate a more dense structure with partially crystallized hydrate appearing as a clear binder between the grains. The pozzolanic reaction between silica fume and the CH liberated during the hydration of Portland cement clinker led to the formation of additional hydration products (C-S-H). Hence, the microstructure of the Portland cement/silica fume pastes displayed a dense or closed C-S-H structure with the presence of small amounts of Ca(OH) 2 . In the presence of superplasticizers, the microstructure displayed a more dense arrangement of microcrystalline C-S-H as the main hydration product, with minor or nil amounts of Ca(OH) 2 as estimated by differential thermal analysis and XRD techniques.
Textural characterization
The adsorption/desorption isotherms of nitrogen on the various hardened cement pozzolanic pastes cured for 3, 28 and 180 d were measured; representative isotherms for A, A-I, A-II and A-III cured for 28 d are shown in Figure 7 . The isotherms obtained are of type II in the classification of Brunauer (1945) with hysteresis loops closing at a relative vapour pressure P/P 0 » 0.7-0.8. The various surface characteristics, viz. specific surface area (S BET , m 2 /g), total pore volume (V p , ml/g) and mean pore radius (r h , Å) for the investigated cement pastes are listed in Tables 3 and 4 . An additional surface area (S t , m 2 /g), calculated from V l versus t plots for various cement pastes, has also been included in Tables 3 and 4 . These V l versus t plots (shown in Figure 8 ) were constructed using convenient t-curves depending on the values of the BET C constant for each cement specimen cured for 28 d. It is clear that the different cement samples investigated contained wide pores as the dominant porosity as indicated from the upward deviation of the V l versus t plots. It will be seen from the data listed in Tables 3 and 4 that the values of S BET and S t were close to each other indicating the correct choice of standard t-curve and the absence of ultramicroporosity. It is also clear from Table 3 that the specific surface area (S BET ) and total pore volume (V p ) of pozzolanic cement pastes containing 10 wt% silica fume decreased with hydration time and also on addition of various superplasticizers. The maximum decrease in S BET and V p for the pure and superplasticized cement pastes hydrated for 3-180 d attained values of 56% and 29%, respectively. On the other hand, treatment of cement pastes with superplastizer followed by hydration for 3, 28 and 180 d resulted in decreases of 12-56%, 26-58% and 18-59%, respectively, in their specific surface areas. However, the mean hydraulic pore radii (r h , Å) of the various pozzolanic cement pastes containing 10 wt% silica fume increased with hydration time as well as on addition of superplasticizers. This increase was more pronounced for those cement pastes containing 4 wt% NFS superplasticizer after hydration for 180 d.
It is seen from Table 4 that the specific surface area (S BET ) and total pore volume (V p ) of pozzolanic cement pastes containing 30 wt% silica fume decreased with length of hydration and also on addition of superplasticizers. However, such treatment led to an increase in the mean hydraulic pore radii of the tested specimens. The maximum decrease in the values of S BET and V p for superplasticized cement pastes cured for 180 d attained 71% and 55%, respectively. Cement pastes treated with 2 wt% each of NFS and SG superplasticizers followed by hydration for 180 d exhibited a 1.7-fold increase in r h value.
Inspection of the data listed in Tables 3 and 4 reveals that (i) the specific surface area and total pore volume of the pure and superplasticized cement pastes decreased on increasing the silica fume content up to 30 wt% and (ii) the mean hydraulic radii of pure and superplasticized cement pastes were found to increase in the presence of 30 wt% silica fume.
The observed decrease in the specific surface area of pure and superplasticized cement pastes cured for 3-180 d was attributed to an increase in the silica fume content. This could be associated with continuous filling of a part of the available pore volume by hydration products. In fact, increasing water/cement ratios led to an increase in the amount of Ca(OH) 2 liberated and its reaction with the silica fume grains led to the formation of additional amounts of calcium silicate hydrate. Indeed, XRD measurements showed that the intensity of the diffraction lines corresponding to free CH decreased on addition of silica fume to the system with a subsequent increase in the C-S-H content leading to more dense close textured cement pastes. In addition, SEM investigation revealed that the microstructures of pozzolanic cement pastes displayed a more dense arrangement of microcrystalline C-S-H as the main hydration product with only minor or nil amounts of Ca(OH) 2 being present. The decrease detected in the values of S BET for superplasticized pozzolanic cement pastes on hydration for up to 180 d may result from increasing accumulation of larger amounts of hydration products in the pore system leading to dense structures and/or close-packed textures for the resulting pastes.
In general, treatment of cement pastes with superplasticizers improved their workability and degree of compaction (Okafor 1991) with a corresponding decrease in the total pore volume of the system and an increase in the compressive strength as well as the apparent density.
CONCLUSIONS
1. The specific surface area and total pore volume of various cement pastes decreased continuously with hydration time. 2. The addition of various superplasticizers led to a decrease in S BET and V p with a subsequent increase in the mean hydraulic radii of the different samples. 3. The decrease in specific surface area of different specimens cured up to 180 d could be attributed to an increase in the amounts of C-S-H generated, leading to the development of a dense and impermeable matrix.
